Previous work demonstrated restoration of a bioequivalent bladder within 8 weeks of removing the majority of the bladder (subtotal cystectomy or STC) in rats. The goal of the present study was to extend our investigations of bladder repair to the murine model, to harness the power of mouse genetics to delineate the cellular and molecular mechanisms responsible for the observed robust bladder regrowth. Female C57 black mice underwent STC, and at 4, 8, and 12 weeks post-STC, bladder repair and function were assessed via cystometry, ex vivo pharmacologic organ bath studies, and T 2 -weighted magnetic resonance imaging (MRI). Histology was also performed to measure bladder wall thickness. We observed a time-dependent increase in bladder capacity (BC) following STC, such that 8 and 12 weeks post-STC, BC and micturition volumes were indistinguishable from those of age-matched non-STC controls and significantly higher than observed at 4 weeks. MRI studies confirmed that bladder volume was indistinguishable within 3 months (11 weeks) post-STC. Additionally, bladders emptied completely at all time points studied (i.e., no increases in residual volume), consistent with functional bladder repair. At 8 and 12 weeks post-STC, there were no significant differences in bladder wall thickness or in the different components (urothelium, lamina propria, or smooth muscle layers) of the bladder wall compared with age-matched control animals. The maximal contractile response to pharmacological activation and electrical field stimulation increased over time in isolated tissue strips from repaired bladders but remained lower at all time points compared with controls. We have established and validated a murine model for the study of de novo organ repair that will allow for further mechanistic studies of this phenomenon after, for example, genetic manipulation.
Introduction
The promise of tissue and organ regeneration has captured the imagination of the general public. Regeneration has been observed, characterized, and most extensively studied in invertebrates and lower vertebrates, including the limbs, jaw, tail, nervous system, and heart of the axolotl and the newt. [1] [2] [3] [4] In this regard, adult mammals have a much more restricted repertoire for wound healing, repair, and functional replacement of damaged tissues/organ systems, generally thought to be largely restricted to the epidermis, muscle, bone, and liver. On the contrary, many organs have the capacity to repair or regenerate epithelia and muscle after acute damage. 5, 6 Developing a more high-throughput, genetically tractable mammalian model of bladder regeneration is an important first step toward the identification of molecular targets that could better inform the process of mammalian bladder regeneration. The ultimate goal is to leverage these findings to develop novel and more effective regenerative therapeutics that could dramatically improve the quality of life in patients who suffer, for example, from traumatic bladder injuries, bladder cancer, voiding dysfunction, and/ or bladder pain syndrome. Current approaches to achieve functional tissue/ organ regeneration have utilized scaffolds, cells, and growth factors, alone or in various combinations, to promote a more favorable in vivo environment for tissue repair, regeneration, or replacement. 5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In this regard, Atala et al. created autologous engineered bladder tissues that incorporated urothelial and muscle cells from bladder biopsies seeded on collagen-polyglycolic acid scaffolds to reconstruct the bladder in seven patients with myelomeningocele. 20 These engineered tissues were implanted with or without omental coverage. Patients reconstructed with engineered bladder tissue created with cell-seeded poly glycolic acid-collagen scaffolds and omental coverage showed increased compliance, decreased end-filling pressures, increased capacities, and longer dry periods over time. 20 However, as recently noted by Andersson, 21 despite encouraging proof of concept from the results, the more widespread applications of these technologies await further preclinical investigation.
In that regard, the repair potential of the mammalian bladder has been known for over a century [22] [23] [24] [25] [26] [27] [28] [29] and has been explored in canine, 22, 29, 30 rat, [31] [32] [33] [34] and also in humans. 23, 24, 35 Burmeister et al. 34 observed de novo repair of bladder in a rat model of subtotal cystectomy (STC) and studied the size and functional characteristics of the observed wound healing response. Urodynamic studies revealed that urine storage and elimination profiles were similar to age-matched control native bladders within 8 weeks of STC, while corresponding histological analysis documented the presence of well-defined layers of urothelium, lamina propria, and detrusor in bladders. 34 In short, the regrown bladders were histologically and functionally indistinguishable from native agematched bladders (i.e., bioequivalent). A follow-up study by Peyton et al. evaluated molecular mechanisms associated with the robust tissue recovery previously observed. 34, [36] [37] [38] In fact, Peyton et al. 38 established timedependent changes in the location of proliferating cell populations during the early stages of functional rat bladder regrowth, suggesting a role for Shh, Gli-1, and BMP-4 signaling pathways, which are known regulators of urothelial regeneration homeostasis (Mysorekar [bmp], Shh/Gli, Shin). Taken together, these observations indicate that the rodent bladder is capable of robust wound healing and true multilayer tissue regrowth.
The goal of the present study was to extend these investigations to the murine model. We document that following surgical removal of the majority of the murine bladder, the remaining native bladder tissue undergoes robust wound healing and regrowth, achieving a functionally bioequivalent bladder that reconstitutes all three layers of the bladder wall within 8-12 weeks. Importantly, the urothelium, which is a key functional barrier for normal bladder function, appears to have regenerated efficiently and extends across the luminal surface of the bladder, suggesting that regeneration and repair were efficient despite the large amount of tissue removed. These observations have important implications for future studies of mammalian bladder wound healing and/or repair (regeneration), where the power of murine molecular genetics can be leveraged to provide improved mechanistic insight into the regenerative capacity of the bladder, potentially pointing toward novel therapeutic strategies for bladder repair in larger animal models and humans.
Materials and Methods

Animals
A total of 52 female C57 black mice weighing 20-22 g underwent STC followed by evaluation with urodynamic and in vitro organ bath studies at 4, 8, or 12 weeks post-STC. Two postoperative animal deaths occurred (3.38% mortality rate), while two mice were removed from the study because of bladder stone formation. All animal protocols were approved by the Animal Care and Use Committee of the Wake Forest University and carried out with strict adherence to the guidelines set forth.
Trigone-sparing cystectomy Animals were anesthetized with 2% isoflurane chamber induction and maintained with 1-2% via mask with inhalation and spontaneous breathing. The lower abdomen was shaved, and povidone-iodine solution was applied to the surgical site as an antiseptic. Sterile technique was used throughout each procedure. A lowmidline abdominal incision was made, and the bladder was identified and delivered outside the body (Fig. 1) . Two 9-0 Vicryl stay sutures were placed on either side of the bladder just above the ureterovesical junction (UVJ). Approximately 60% of the bladder dome above the UVJ was removed, leaving the trigone and ureters intact (trigone-sparing cystectomy). The remaining portion of the bladder was then closed in two layers with 10-0 (muscularis) and 9-0 Vicryl (serosa) in a continuous manner. The abdominal wall and skin were closed in two layers using 6-0 Vicryl sutures. Animals were followed for up to 12 weeks post-STC.
Bladder catheter implantation
Urinary catheters were implanted during surgical cystostomy in post-STC and control mice similar to methods previously described. 34, [39] [40] [41] [42] [43] Briefly, mice were anesthetized with 2% isoflurane, and the bladder was dissected from ensuing adhesions caused by the previous surgery. The dome was elevated outside the body as described earlier, a small incision was made by 20-gauge needle, and a PE-10 intramedic polyethylene catheter (Becton-Dickinson) with cuff was inserted and anchored with a 9-0 purse string Vicryl suture. The catheter was then tunneled subcutaneously, brought out through the nape of the animals, and held in place with cloth tape anchored to the skin via a 6-0 Vicryl suture. The abdominal wall and skin were closed in two layers with 6-0 Vicryl sutures, and the free end of the catheter was thermally sealed.
Cystometric analysis
All cystometric studies were performed at 3 days after catheter implantation in conscious freely moving mice similar to previously described protocols. 34, 44 Briefly, the bladder catheter was connected to a two-way valve that was, in turn, connected to a pressure transducer and an infusion pump. The pressure transducer was connected to an ETH 400 (CD Sciences) transducer amplifier and subsequently connected to a MacLab/8e (Analog Digital Instruments) data acquisition board with accompanying LabChart Pro software. The pressure transducers and acquisition board were calibrated in centimeter of water (cm H 2 O) before each experiment. Room temperature saline was infused at a rate of 1.5 mL/h. Micturition volumes (MVs) were measured with a siliconecoated funnel leading into a collection tube that was connected to a force-displacement transducer. All analyses were conducted after a stable voiding pattern of at least 20-30 min was established. The terminology and standards for reporting on cystometric analyses follow previous recommendations. 44 The cystometric parameters investigated were basal pressure (P base , lowest pressure between voids), maximum pressure (P max , the maximum pressure seen during a micturition cycle), threshold pressure (P thres , pressure at which voiding is initiated), intermicturition pressure (P im , mean bladder pressure between voids), bladder capacity (BC), MV (volume of expelled urine), residual volume (RV: BC À MV), and intercontraction interval (ICI), which is most often defined as the time period between two maximum voiding pressures.
In vitro studies After cystometric analysis, animals were sacrificed with CO 2 inhalation and bilateral thoracotomy, and the bladders were harvested and immediately placed in ice-cold Krebs buffer. The bladders were cut into two strips along the longitudinal axis. The strips were denuded of the urothelium and were attached to tissue holders at one end and force transducers at the other in an organ bath system (Danish Myo Technology) containing 15 mL of Krebs buffer aerated with 95% O 2 /5% CO 2 at 37°C. Bladder strips were subjected to a resting tension of 400-600 mg and allowed to stabilize for at least 15 min. They were then primed using 60 lM KCl and subsequently 5 lM carbachol. Contractions were recorded as changes in tension from baseline in response to both carbachol and electrical field stimulation (EFS). Carbachol concentration-response curves were generated by adding increasing concentrations of carbachol at 0.5 log increments starting at 3 nM up to 100 lM. For EFS, strips were placed between two platinum electrodes in the organ chamber, and electrical pulses (0.1 msec pulse width, 22 V in the bath) were delivered, lasting 30 sec at increasing frequencies (1, 2, 4, 8, 16 , and 32 Hz), using an S88 stimulator (Grass Instruments). All tissue responses were normalized to grams of tissue weight.
Magnetic resonance imaging
A total of three female C57 black mice were evaluated before and after STC. Magnetic resonance imaging (MRI) studies were performed at 0, 3, 28, and 77 days after STC. Before MR scans, animals were anesthetized with 3% isoflurane mixed with oxygen at 2 L/ min flow rate (for induction only). Mice underwent T 2 -weighted MRI with no-contrast agent. All MRI experiments were performed in a 7 T horizontal bore small animal MRI scanner (Bruker 70/30 Biospec, Billerica, MA) equipped with a high-power 60 mm I.D. gradient/shim insert capable of producing a maximum magnetic field gradient of 1000 mT/m. A quadrature 35 mm I.D. volume coil tuned to 300.2 MHz was used for RF transmission and reception. Each animal was placed so that the bladder was at the isocenter of the magnet and RF coil. Anesthesia was maintained during the scan via nose cone, which provided oxygen (1 L/ min) and isoflurane (1.5%). Body temperature was kept constant by thermostatically controlled warm air (SA Instruments, Stoney Brook, NY). T 2 -weighted MR images were acquired using a Rapid Acquisition with Relaxation Enhancement (RARE) spin echo pulse sequence with the following parameters: Repetition time = 9000 msec, echo time = 36 msec, field of view = 2 cm, matrix = 128 · 128, slice thickness = 0.4 mm, number of excitations = 2. The three-plane localizer verified that the bladder of each mouse was centered in both the RF coil and the magnet. All the data obtained during MRI studies were processed and analyzed with TeraRecon 3D visualization and image analysis software (V4.4.8.36).
Histological analysis and immunohistochemistry
Bladders not subjected to pharmacological analysis were preserved for histology. After removal of the most superior part of the dome, bladders were fixed in 10% buffered formalin and processed. Serial 7 lm cross sections were sliced along the upper part of the bladder wall (above the uretero-vesical junction). At least six sections were examined from the proximal and distal ends of the bladder. Slides were cleared in xylene, rehydrated, and used for staining. Staining with standard hematoxylin and eosin was performed. For measurement of bladder wall thickness, at least five measurements were taken from three different sections of the bladder as previously described. 34 For immunostaining, bladders were fixed, embedded in paraffin, and serial sections were generated. Sections were deparaffinized using HistoClear and rehydrated through a series of ethanol and 1· PBS washes. Antigen retrieval was performed by boiling slides for 30 min in pH9 buffer. Primary antibodies in 1% horse serum were incubated overnight at 4°C. On the next day, slides were washed with TBSTX three times for 10 min each and secondary antibodies were applied for 2 h at room temperature. DAPI was applied for 10 min for nuclear staining and then the slides were cover-slipped.
The following primary antibodies have been applied. For Trp63 staining, we used mouse IgG (clone 4A4, 1:100; Santa Cruz Biotechnology, sc8431) or rabbit IgG, (1:100; Santa Cruz Biotechnology, sc8343). For Krt5, we used rabbit IgG (1:300; Covance, AF-138, PRB-160P) or chicken IgY (1:300; Covance, SIG-3475). For Upk3, we used mouse IgG1, clone AU1 (1:50; Fitzgerald, 10R-U103a).
Statistical analyses
Statistical evaluations were performed using GraphPad Prism software. For pharmacological studies, individual carbachol-and EFS-induced stimulus-response curves were placed in GraphPad software and a mean curve was fit to the family of curves. Mean values for the stimulus-response contraction curves were analyzed via one-way analysis of variance (ANOVA). One-way ANOVA was also performed on all relevant parameters from the cystometric studies, as well as the results of histological analysis and MRI measurements. In all cases, a p-value of less than 0.05 was considered significant. Unless otherwise stated, all results are expressed as the mean -standard error of the mean.
Results
Mice that successfully recovered from surgery did not show any difference in weight gain (6.60 -0.610 g, n = 39) compared with noncystectomized animals (6.54 -0.74 g, n = 13).
Cystometric analysis
Mean values for all urodynamic parameters from cystectomized and age-matched control animals are shown in Table 1 . Age-matched controls were treated as one group because no age-dependent differences were noted in any of the cystometric parameters among the three time points in this study (4, 8 , and 12 weeks post-STC). Cystometric investigations showed a progressive increase in BC at 4, 8, and 12 weeks post-STC (Fig. 2) . Moreover, BC at the 8-and 12-week time points was not statistically different from controls. The increase in MV also paralleled the increase in BC data, which significantly increased from 4 to 12 weeks and documented that all bladders emptied completely as they regained size post-STC.
Differences in several measures of bladder function were noted in regenerating bladders at the 4-week time point, relative to bladders from control animals or animals at the 8-and 12-week time points post-STC. For example, there was a significant increase in baseline pressure at 4 weeks compared with controls and 8 weeks post-STC. P max generated in animals at 12 weeks post-STC was increased (33.84 -1.27 cm H 2 O) compared with 8 weeks (28.63 -1.06 cm H 2 O) and 4 weeks (29.84 -1.43 cm H 2 O) post-STC. Although P max was statistically different at 8 weeks compared with controls, it was not physiologically or clinically relevant and indeed normalized by 12 weeks. Importantly, all bladders at each time point were able to empty completely as evidenced by similar RVs between age-matched control and post-STC animals ( Table 1) . There was an increase in P imp at 4 weeks compared with controls and 8 weeks post-STC. There was no significant difference in P thres at any time point post-STC. In addition, statistical analysis also revealed significant differences in the calculated parameter (P thres /P max ). P thres /P max nominally denotes the relationship between the pressure at which micturition is initiated relative to the maximal pressure at which micturition occurs. As indicated in Table 1 , P thres /P max increased significantly at 4 weeks post-STC relative to controls and 12 weeks post-STC. A decrease in ICI was also observed at 4 weeks post-STC compared with controls. ICI at 8 and 12 weeks was not different from controls.
In vitro studies Steady-state concentration-response curves were obtained for carbachol-induced contractile responses in bladder strips from both age-matched control and post-STC animals. Mean values for logistic parameter estimates are shown in Table 2 , and the data are depicted in Figure 3 . In short, logistic analysis revealed a significant reduction in the calculated maximal steady-state response (E max ) values in isolated detrusor strips from the regenerating bladder at all time points (Fig. 3) . As illustrated in Figure 3 , and summarized in Table 2 , there were no detectable differences in either pEC 50 (the log of the agonist concentration that results in 50% of the maximum response) or hill slope parameters among the groups. The maximum contractions of regenerating detrusor smooth muscle strips induced by EFS were also significantly lower than those of native tissue at all frequencies tested, and the ratio of native responses to experimental responses was similar across all frequencies (Fig. 4) . As can be seen, there was a decrease in intercontraction interval (ICI) at 4 weeks. ICI at 8 and 12 weeks was not different from controls. Also, there was a decrease in micturition pressure at 4 and 8 weeks, which was normalized at 12 weeks. Scale bar represents 10 min.
Magnetic resonance imaging
To study bladder dimensions during the regeneration process, T2-weighted MRI was performed preoperatively, 3 days post-STC, as well as 4 and 11 weeks post-STC (Fig. 5A) . The bladder was observed to be close to circular in shape in all cases. At 3 days post-STC, there was a significant reduction in bladder diameter. The overall bladder diameter at day 3 post-STC was 3.65 -0.51 mm, and at weeks 4 post-STC was 4.76 -0.23 mm, and at 11 weeks post-STC was 5.87 -0.56 mm (Fig. 5B) . These data are consistent with those from the cystometric analyses as reflected by the parallel increases observed in BC over the same time frame (Table 1) .
Histological immunochemical analysis
The wall of regenerating bladders appeared to retain the architecture of the native bladder (Fig. 6) , as illustrated by the representative examples of hematoxylin and eosin staining of native, 4-, 8-, and 12-week regenerated bladders (Fig. 6A-D) . Specifically, the urothelial, suburothelial, and smooth muscle layers appear to be intact in the regenerating bladders. Similar staining of these layers was also seen with trichrome staining (data not shown). Importantly, bladder wall thickness at the 8-and 12-week time points (951.09 -32 and 1099.065 -99.74 lm) was not significantly different from control bladders (1096.2 -28 lm) as shown in Figure 6E . Finally, analysis of the urothelium in the bladders of mice 12 weeks post-STC revealed a regenerated urothelium that was virtually indistinguishable compared with unoperated controls (Fig. 7) . As expected, the urothelium consisted of 1-2 layers of Krt5-expressing basal cells, intermediate cells, and superficial cells, which were multinucleated and positive for Upk expression.
Discussion
Consistent with previous observations in rats, 34 the present urodynamic investigation in mice demonstrated a time-dependent increase in BC, with 8-week post-STC mice achieving baseline capacities of age-matched control animals. Bladder capacities increased only slightly from 8 to 12 weeks and were not statistically different from one another. The regrown bladders were no larger than expected for an age-matched control animal at the 12-week time point, suggesting that wound healing and repair response may in some way be dictated by pre-STC bladder size. Significantly, bladders in all groups, at all time points, post-STC emptied completely (as indicated by calculated RV [ Table 1 ], even when P max was decreased [e.g., 8 weeks]). Moreover, after 4 weeks post-STC, P thres /P max was similar between all groups. The P thres /P max parameter describes the relationship between the pressures at the onset of micturition and the maximum achieved during a single void. 44 Thus, consistency in P thres /P max between the 8-and 12-week post-STC groups and native (age-matched control) bladders indicates that these bladders are truly bioequivalent from a functional standpoint. Of note, clearly the bladders 4 weeks post-STC, which differed with respect to both bladder volume and pressure, represent a relatively immature and intermediate bladder regrowth stage (Table 1; Figs. 2 and 6). 38 KCl-and carbachol-induced contractions were significantly lower at all time points compared with controls, and no significant difference could be detected among the experimental groups. EFS, performed with and without atropine, demonstrated similar effects. While atropine decreased the absolute contractile response in all strips tested, there was no effect on the relative responses of strips from regrown bladders compared with age-matched controls. Importantly, the failure of bladder strips obtained from regrown bladders to achieve contractile responses comparable to agematched controls was in line with other published series in rats. 3, 36 In addition to the decreased amplitude of contraction, a significantly decreased maximal shortening velocity has been demonstrated in the STC bladders, 36 and it was speculated that this was related to growth and regeneration of muscle cells.
However, there is no definitive explanation for the decreased contractile response since histological investigations revealed an apparently complete reconstitution of all three bladder layers with preserved smooth muscle layer thickness. Functionally, P thres and P max values were maintained in full-capacity (i.e., BC equivalent to age-matched control values) regrown bladders that emptied completely at 12 weeks. Thus, the diminished contractile response observed in vitro does not affect the functionality observed in vivo, as evidenced by complete restoration of BC, MV, and RV. One possibility is that alterations in the orientation of smooth muscle cell bundles in the wall of the repaired/regrown bladder may lead to decreased contractile responses as measured in isolated tissue strips in vitro, without affecting the emptying efficiency of the bladder in vivo. More specifically, since in vitro contractile measurements assess force (grams of tension) largely in the longitudinal axis in parallel with the deflection of the force transducer, they would be more sensitive to isotropic alterations in smooth muscle cell orientation than force generation (pressure) measured in vivo (which measures the sum of smooth muscle contractile responses in all orientations in three dimensions).
In short, this mouse model of bladder wound healing, repair, and regrowth post-STC should provide researchers many new opportunities to study the regenerative potential of the mammalian bladder. More specifically, the use of commercially available fluorescent murine models (e.g., green and red fluorescent proteins), coupled to bone marrow irradiation procedures and/or tissue transplants, will permit additional evaluation of the contribution(s) of tissueresident versus systemic precursor cells to bladder wound healing, repair, and regrowth. In conjunction with the use of knockout/knockin transgenic mouse strains of interest, future investigations will be able to identify target cell populations and gene products required for, or associated with, successful bladder reconstitution. This information, in turn, could lead to novel therapeutic (i.e., regenerative) strategies for bladder repair in the face of reductions in viable tissue due to a wide variety of age-and/or disease-related pathologies.
Conclusions
We have established and validated a murine model for the study of robust bladder wound healing and repair, resulting in regrowth of a bioequivalent bladder within 8-12 weeks following removal of a majority (60%) of the bladder. Future studies in relevant murine models will exploit the power of molecular genetics to further evaluate the cellular and molecular basis of bioequivalent bladder regrowth and thus shed insight on the mechanisms responsible for the apparently marked regenerative potential of the mammalian bladder. The improved mechanistic insight into the regenerative capacity of the bladder should permit the development of novel therapeutic strategies for bladder repair in larger and more clinically relevant animal models and eventually humans.
